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Low-mass (sub-eV) spin-0 dark matter particles, which form a coherently oscillating classical
field φ = φ0 cos(mφt), can induce oscillating variations in the fundamental constants through their
interactions with the Standard Model sector. We calculate the effects of such possible interactions,
which may include the linear interaction of φ with the Higgs boson, on atomic and molecular
transitions. Using recent atomic clock spectroscopy measurements, we derive new limits on the
linear interaction of φ with the Higgs boson, as well as its quadratic interactions with the photon
and light quarks. For the linear interaction of φ with the Higgs boson, our derived limits improve
on existing constraints by up to 2− 3 orders of magnitude.
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Introduction. — Astrophysical observations indicate
that dark matter (DM) is roughly 5 times more abun-
dant (by energy content) than matter from the Standard
Model (SM) [1], with a local cold (non-relativistic) DM
energy density of ρlocalCDM ≈ 0.4 GeV/cm3 determined from
observations of stellar orbital velocities about our galac-
tic centre [2] and a present-day mean DM energy density
of ρ¯DM = 1.3 × 10−6 GeV/cm3 determined from mea-
surements of the cosmic microwave background (CMB)
radiation [1]. Despite strong evidence for the existence of
DM through its gravitational effects on SM matter, the
identity and non-gravitational interactions of DM with
the SM sector still remain unknown.
Feebly-interacting, low-mass (sub-eV) spin-0 DM par-
ticles are a well-motivated candidate for DM. Arguably
the most renowned particle that falls into this category
is the axion, which is an odd-parity spin-0 particle that
was originally proposed to resolve the strong CP problem
of Quantum Chromodynamics (QCD), see, e.g., Ref. [3]
for an overview. Apart from the axion, even-parity spin-
0 particles, such as the dilaton (see, e.g., Refs. [4–6])
have also been conjuctured. Low-mass spin-0 particles
can be produced non-thermally in the early Universe
via the ‘vacuum misalignment’ mechanism [7–9], and
subsequently form a coherently oscillating classical field
[10]: φ = φ0 cos(ωt), with an angular frequency of oscil-
lation given by ω ' mφc2/~, where mφ is the mass of
the spin-0 particle, c is the speed of light and ~ is the
reduced Planck constant. Unless explicitly stated oth-
erwise, we adopt the units ~ = c = 1 in the present
work, with 1 eV = 2.4 × 1014 Hz. Although typically
produced with negligible kinetic energy, galactic spin-
0 DM becomes virialised during galactic structure for-
mation, which gives it the finite coherence time: τcoh ∼
2pi/mφv
2
vir ∼ 106 · 2pi/mφ, i.e., ∆ω/ω ∼ 10−6. This oscil-
lating DM field bears the non-zero time-averaged energy
density 〈ρφ〉 ' m2φφ20/2 and satisfies the non-relativistic
equation of state 〈pφ〉  〈ρφ〉, making it an ideal candi-
date for cold DM.
If these spin-0 particles saturate the observed cold
DM content, then their de Broglie wavelength must not
exceed the DM halo size of the smallest dwarf galax-
ies (R ∼ 1 kpc), which gives a lower bound on their
mass: mφ & 10−22 eV (though this limit is relaxed if the
spin-0 particles make up only a sub-dominant fraction of
the total cold DM). This simple estimate is in good agree-
ment with more-detailed studies pertaining to the CMB
and observed structure formation, see, e.g., Ref. [11] for
an overview. Ultra-low-mass spin-0 DM only behaves like
perfect cold DM on length scales larger than its wave-
length. On shorter length scales, gravitational collapse is
prevented by quantum pressure [12]. This phenomenon
has non-trivial consequences for cosmology; in particular,
it lies at the heart of ultra-low-mass DM models with
particle masses in the range 10−24 eV . mφ . 10−20
eV, which have been proposed to resolve several long-
standing “small-scale crises” of the cold DM model, see,
e.g., Refs. [13–15].
Apart from the mentioned effects in cosmological set-
tings, low-mass spin-0 DM may also produce character-
istic signatures in the laboratory. In particular, interac-
tions of φ with the SM sector can induce variations in
the fundamental constants [16–19]. Atomic and molecu-
lar spectrocopy offer powerful platforms to search for os-
cillating variations in the fundamental constants due to
an oscillating DM field, and in the recent works [19–21],
new much-improved limits have already been obtained
from atomic clock frequency comparison measurements.
In the present work, we calculate the effects of inter-
actions of φ with the SM sector, which may include the
linear interaction of spin-0 DM with the Higgs boson,
on atomic and molecular transitions, and using recent
atomic clock spectroscopy measurements, we derive new
limits on several interactions of φ with the SM sector.
In the case of the linear interaction of φ with the Higgs
boson, our results improve on existing constraints by up
to 2− 3 orders of magnitude.
Theory. — The field φ can couple to the SM fields
in various ways, which include the following linear-in-φ
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2interactions [22]:
Llinint = −
∑
f
φ
Λf
mf f¯f +
φ
Λγ
FµνF
µν
4
, (1)
where the first term represents the coupling of the spin-
0 field to the SM fermion fields f , with mf the stan-
dard mass of the fermion and f¯ = f†γ0, and the second
term represents the coupling of the spin-0 field to the
electromagnetic field tensor F , as well as the analogous
quadratic-in-φ interactions:
Lquadint = −
∑
f
φ2
(Λ′f )2
mf f¯f +
φ2
(Λ′γ)2
FµνF
µν
4
. (2)
Comparing the terms in Eqs. (1) and (2) with the relevant
terms in the SM Lagrangian:
LSM ⊃ −
∑
f
mf f¯f − FµνF
µν
4
, (3)
we see that the linear-in-φ interactions in (1) alter the
fermion masses and the electromagnetic fine-structure
constant α according to:
mf → mf
(
1 +
φ
Λf
)
, α→ α
1− φ/Λγ ' α
(
1 +
φ
Λγ
)
,
(4)
while the quadratic-in-φ interactions in (2) alter the con-
stants according to:
mf → mf
[
1 +
φ2
(Λ′f )2
]
, (5)
α→ α
1− φ2/(Λ′γ)2
' α
[
1 +
φ2
(Λ′γ)2
]
,
The field φ may also couple to the Higgs field via the
super-renormalisable interaction [24]:
LHiggsint = −AφH†H , (6)
where H is the Higgs doublet. To leading order in the
interaction parameter A, the interaction (6) induces the
following interactions of φ with the fermions and the elec-
tromagnetic field via mixing of φ with the physical Higgs
field h (see Fig. 1) [16]:
LHiggsint,eff =
A 〈h〉
m2h
φ
∑
f
ghff f¯f +
ghγγ
〈h〉 FµνF
µν
 , (7)
where mh = 125 GeV is the mass of the Higgs boson,
ghff = mf/ 〈h〉 for couplings of the Higgs to elementary
fermions (leptons and quarks), ghNN = bmN/ 〈h〉 with
b ∼ 0.2− 0.5 [25] for couplings of the Higgs to nucleons,
and ghγγ ≈ α/8pi for the radiative coupling of the Higgs
to the electromagnetic field [26]. Comparing the terms
in Eq. (7) with the relevant terms in the SM Lagrangian
(3), we see that the relevant fundamental constants are
altered according to:
mf → mf
[
1− Aghff 〈h〉φ
mfm2h
]
,
α→ α
[
1 +
4Aghγγφ
m2h
]
. (8)
FIG. 1. Mixing of φ with the Higgs boson h generates cou-
plings of φ to the SM fermions (left) and radiatively to the
SM electromagnetic field (right).
Calculations. — The alterations in the fundamental
constants due to the interactions of the oscillating field
φ = φ0 cos(mφt) with the SM sector produce oscillating-
in-time alterations in atomic and molecular transition
frequencies, which depend on the various constants of
nature. Most generally, the effect of variations of funda-
mental constants on the ratio of two clock frequencies,
ω1/ω2, can be written in the form:
δ (ω1/ω2)
ω1/ω2
=
∑
X
(KX,1 −KX,2) δX
X
, (9)
where the sum runs over the dimensionless constants
X = α,me/mN ,mq/ΛQCD, which are the relevant com-
binations of physical constants when considering atomic
and molecular transitions (see Eq. (14) and the ensuing
formulae of this section), and KX are the correspond-
ing sensitivity coefficients. Here, mN = (mp + mn)/2
is the averaged nucleon mass, mq = (mu + md)/2 is
the averaged light quark mass, and ΛQCD is the QCD
scale. We can present the oscillatory alterations in the
ratio ω1/ω2 resulting from Eqs. (4), (5) and (8) due
to an oscillating DM field φ = φ0 cos(mφt), for which
ρφ ≡ 〈ρφ〉 ' m2φφ20/2, in the following respective forms
[27]:
δ (ω1/ω2)
ω1/ω2
≈
∑
X=α,me,mq
(KX,1 −KX,2)
√
2ρφ
mφΛX
cos(mφt) ,
(10)
δ (ω1/ω2)
ω1/ω2
≈
∑
X=α,me,mq
(KX,1 −KX,2) ρφ
m2φ(Λ
′
X)
2
cos(2mφt) ,
(11)
δ (ω1/ω2)
ω1/ω2
≈ (KH,1 −KH,2)
A
√
2ρφ
mφm2h
cos(mφt) , (12)
3where the sensitivity coefficient KH is defined as:
KH =
α
2pi
Kα − (1− b)Kme − 1.05(1− b)Kmq , (13)
with b ∼ 0.2 − 0.5. In arriving at Eq. (13), we have
made use of the observation that the dominant physical-
constant dependence of atomic/molecular transitions can
only be through the combinations α, me/mN and µ,
where µ is the dimensionless nuclear magnetic dipole mo-
ment in units of the nuclear magneton, with δ ln(µ) =
Kmqδ ln(mq/ΛQCD), and have used the relations im-
mediately succeeding Eq. (7), as well as the relation
δmN/mN ≈ 0.05 δmq/mq+0.95 δΛQCD/ΛQCD (see, e.g.,
Refs. [28, 29]). Formulae (10) – (13) provide a convenient
parametrisation for extracting information on the various
DM interaction parameters appearing in Eqs. (1), (2) and
(6), provided that one knows the relevant sensitivity co-
efficients.
An atomic optical transition may be presented in the
following form:
ωopt ∝
(
mee
4
~3
)
F optrel (Zα) , (14)
where F optrel is a relativistic factor, which typically scales
as F optrel ∝ (Zα)2, and can be calculated accurately via
numerical many-body atomic calculations [30–35]. We
note that the non-relativistic atomic unit of frequency,
mee
4/~3, appears in all atomic and molecular transition
frequencies, and so cancels identically when considering
the ratio ω1/ω2.
An atomic hyperfine transition may be presented in
the following form:
ωhf ∝
(
mee
4
~3
)[
α2F hfrel(Zα)
]( me
mN
)
µ , (15)
where F hfrel is the Casimir relativistic factor. For s and
p states with j = 1/2, the Casimir relativistic factor is
given approximately by [36, 37]:
F hfrel =
3
γ1/2
(
4γ21/2 − 1
) , (16)
with γj =
√
(j + 1/2)2 − (Zα)2. Variation with respect
to α leads to the expression:
δF hfrel
F hfrel
= Khfrel
δα
α
, (17)
where Khfrel is given by:
Khfrel =
(Zα)
2
(
12γ21/2 − 1
)
γ21/2
(
4γ21/2 − 1
) . (18)
We note that more accurate numerical many-body cal-
culations give slightly larger values of the coefficient Khfrel
than the analytical expression in (18) for moderately
heavy atomic and ionic species [31, 38]. The dependence
of various nuclear magnetic dipole moments µ on the ra-
tio mq/ΛQCD has been calculated using a number of nu-
clear models, see, e.g., Refs. [28, 38, 39].
In molecular transitions, there also exist rota-
tional (∆Erot ∝ me/mN ) and vibrational (∆Evibr ∝√
me/mN ) degrees of freedom, in addition to the fine-
structure and magnetic hyperfine contributions discussed
above. In molecules, nearly-degenerate pairs of levels due
to near cancellation of energy shifts of different nature
arise quite often. In such cases, the relative sensitiv-
ity of the corresponding transition to variation in one or
more of the fundamental constants may be significantly
enhanced, |KX |  1, see, e.g., Refs. [40–47].
We present values of the sensitivity coefficient KH , de-
fined in Eqs. (12) and (13), for a variety of atomic and
molecular transitions, in Tables I and II, respectively.
From the tabulated values, it is evident that |KH |  1
for a typical atomic optical transition, while |KH | ∼ 1
for a typical atomic hyperfine transition. For molecular
transitions, a large enhancement in the sensitivity coeffi-
cient is possible, |KH |  1.
TABLE I. Calculated values of the sensitivity coefficient KH ,
defined in Eqs. (12) and (13), for selected atomic transitions.
System Transition KH (b = 0.5) KH (b = 0.2)
27Al+ 1S0 ↔ 3P0, optical 9× 10−6 9× 10−6
87Sr 1S0 ↔ 3P0, optical 7× 10−5 7× 10−5
171Yb 1S0 ↔ 3P0, optical 4× 10−4 4× 10−4
171Yb+ 2S1/2 ↔ 2F7/2, optical −7× 10−3 −7× 10−3
171Yb+ 2S1/2 ↔ 2D3/2, optical 1× 10−3 1× 10−3
199Hg 1S0 ↔ 3P0, optical 9× 10−4 9× 10−4
199Hg+ 2S1/2 ↔ 2D5/2, optical −3× 10−3 −3× 10−3
162Dy 4f105d6s↔ 4f95d26s 1× 104 1× 104
164Dy 4f105d6s↔ 4f95d26s −3× 103 −3× 103
1H ground-state hyperfine −0.45 −0.72
87Rb ground-state hyperfine −0.49 −0.78
133Cs ground-state hyperfine −0.50 −0.80
TABLE II. Calculated values of the sensitivity coefficient KH ,
defined in Eqs. (12) and (13), for various types of molecular
transitions. The values presented are for the most sensitive
known transitions and assume b = 0.2.
System Transition KH
diatomic rotational/hyperfine ∼ 1
diatomic Ω-type doubling/hyperfine ∼ −3
diatomic fine-structure/vibrational ∼ 102
linear polyatomic various ∼ 103
diatomic cation various ∼ −106
NH3 inversion −3.6
Results. — Using the formulae of the previous section
and the experimental data of Refs. [20, 21], we now derive
new limits on the interaction parameters that appear in
Eqs. (2) and (6). In doing so, we assume that the spin-0
DM field φ saturates the local galactic cold DM content
(ρlocalCDM ≈ 0.4 GeV/cm3 [2]).
4From the Dy data in [20] and the Rb/Cs data in [21],
we obtain the limits on the interaction parameter A, as
shown in Fig. 2, assuming that b = 0.2. For Dy, the
most sensitive limit is A . 1.4 × 10−10 eV for mφ ≈
6×10−23 eV, while for Rb/Cs, the most sensitive limit is
A . 4× 10−13 eV for mφ ≈ 1.4× 10−23 eV. The Rb/Cs
bound on A improves on the existing limits from fifth-
force searches [16], which are A . 10−10 eV for the mass
range of interest, by up to 2− 3 orders of magnitude.
Also from the Rb/Cs data in [21], we obtain the
limits on the interaction parameters Λ′γ and Λˆ
′
q, as
shown in Fig. 2, where Λˆ′q is defined as
(
Λˆ′q
)2
=[
(Λ′u)
2
(Λ′d)
2
(md +mu)
]
/
[
md (Λ
′
u)
2
+mu (Λ
′
d)
2
]
.
The most sensitive limits are Λ′γ & 2 × 1019 GeV
and Λˆ′q & 4 × 1018 GeV for mφ . 7 × 10−24
eV. The Rb/Cs bound on Λ′γ improves on exist-
ing limits from Dy spectroscopy [19], which are
Λ′γ & 3 × 1018 GeV for mφ . 3 × 10−23 eV, and
from Big Bang nucleosynthesis (BBN) [19], which
are Λ′γ &
(
4× 109 eV2/mφ
) [
mφ/(3× 10−16 eV)
]3/4
for the mass range of interest, by up to a factor
of 6. The Rb/Cs bound on Λˆ′q in the most sen-
sitive region is comparable to existing limits from
BBN on the parameter Λ˜′q, defined as
(
Λ˜′q
)2
=[
(Λ′u)
2
(Λ′d)
2
(md −mu)
]
/
[
md (Λ
′
u)
2 −mu (Λ′d)2
]
,
which are Λ˜′q &
(
2× 1010 eV2/mφ
) [
mφ/(3× 10−16 eV)
]3/4
for the mass range of interest.
Conclusions. — We have calculated the effects of
possible interactions of low-mass (sub-eV) spin-0 dark
matter particles, which form a coherently oscillating clas-
sical field φ = φ0 cos(mφt), with the Standard Model sec-
tor, including the linear interaction of φ with the Higgs
boson, on atomic and molecular transitions. Using re-
cent atomic clock spectroscopy measurements, we have
derived new limits on the linear interaction of φ with the
Higgs boson, as well as its quadratic interactions with
the photon and light quarks. For the linear interaction
of φ with the Higgs boson, the new limits from Rb/Cs
improve on existing constraints by up to 2 − 3 orders of
magnitude. For the quadratic interaction of φ with the
photon, the new limits from Rb/Cs improve on existing
constraints by up to a factor of 6, while for the quadratic
interaction of φ with the light quarks, the new limits
from Rb/Cs in the most sensitive region are comparable
to existing constraints.
Further improvements in sensitivity to dark matter
interaction parameters may come from an analysis of
other existing atomic clock spectroscopy data, which
include the systems Al+/Hg+ [48], Yb+(E3)/Cs [49],
Yb+(E3)/Yb+(E2) [50] and Sr/Yb/Hg [51]. Finally, re-
garding searching for the possible linear interaction of
φ with the Higgs boson, we note that an atomic opti-
cal/hyperfine frequency ratio comparison would offer a
particularly sensitive platform, while certain molecular
transitions may offer even higher sensitivity.
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6FIG. 2. (Color online) From top to bottom: Limits on the lin-
ear interaction of φ with the Higgs boson (assuming b = 0.2),
and on the quadratic interactions of φ with the photon and
light quarks, as functions of the dark matter particle mass
mφ. The region in red corresponds to constraints derived
in the present work using recent Rb/Cs atomic spectroscopy
data of [21]. The region in yellow corresponds to constraints
derived from Dy atomic spectroscopy data of [20] (the con-
straints on the Higgs interaction parameter are derived in
the present work, while the constraints on the photon inter-
action parameter were derived in [19]). The region in grey
corresponds to constraints from fifth-force searches [16]. The
region in blue corresponds to constraints from consideration
of the primordial 4He abundance produced during Big Bang
nucleosynthesis [19]. The region in purple corresponds to con-
straints from consideration of cosmic microwave background
angular power spectrum measurements [19]. The quark in-
teraction parameters that appear in the bottom graph are
defined in-text.
